This article introduces the concept of chiral ion mobility spectrometry (CIMS) and presents examples demonstrating the gas-phase separation of enantiomers of a wide range of racemates including pharmaceuticals, amino acids, and carbohydrates. CIMS is similar to traditional ion mobility spectrometry, where gas-phase ions, when subjected to a potential gradient, are separated at atmospheric pressure due to differences in their shapes and sizes. In addition to size and shape, CIMS separates ions based on their stereospecific interaction with a chiral gas. In order to achieve chiral discrimination by CIMS, an asymmetric environment was provided by doping the drift gas with a volatile chiral reagent. In this study (S)-(+)-2-butanol was used as a chiral modifier to demonstrate enantiomeric separations of atenolol, serine, methionine, threonine, methyl r-glucopyranoside, glucose, penicillamine, valinol, phenylalanine, and tryptophan from their respective racemic mixtures.
Since Louis Pasteur's discovery of the "handedness" of molecules, the development of analytical methods for measuring molecular chirality has been a major focus of separation chemistry. Chirality measurement is important for a wide range of applications including those of proteomics (and related "omics"), pharmacology, health sciences, environmental sciences, space exploration, and geology. Molecular chirality is a fundamental component of drug discovery, one necessary to understand and describe biological targets as well as to design effective pharmaceutical agents. Optically pure isomers are often required to produce a desired therapeutic effect, reduce an undesired side effect and eliminate toxicity. 1,2 In addition to drug discovery, identifying the roll that L-and D-amino acids play in protein structure 3-6 has challenged modern analytical methodology. Chiral modification of protein structure has been implicated in the formation of cataracts, 7 the aging process, 8,9 neurotransmission, endocrine regulation, 10 cancer, 11 Alzheimer's disease, 12,13 and multiple sclerosis. 14 Enantiomeric ratios have also been used to evaluate the quality of food material, 15, 16 to determine the age of fossils and geological strata, 17, 18 and to search for extraterrestrial life. 19, 20 In forensic medicine, the age of an individual at the time of death can be determined by the ratio of amino acid enantiomers. 21, 22 Chirality can also impart aroma differences in certain molecules. 23 Clearly, chirality is an important component of the chemistry of our world. To probe these chemistries, we need rapid, versatile, sensitive and efficient chiral separation and detection methods. The similarity of enantiomers in their chemical and physical properties, however, makes their separation and detection difficult. Since, 1980 chiral separations have been primarily achieved by chromatography 24 and capillary electrophoresis, 25 while nuclear magnetic resonance spectroscopy 26 has been useful for structure confirmation.
Separation of enantiomers using liquid chromatographic techniques is based on the "three-point rule", also known as the Pirkle rule, which states, "Chiral recognition requires a minimum of three simultaneous interactions between the chiral stationary phase and at least one of the enantiomers, with at least one of the interactions being stereochemically dependent. That is, at least one of the interactions will be absent or significantly altered by replacing one enantiomer with the other without conformational change in any component." 27, 28 In chromatography, using a chiral stationary phase, the enantiomer that forms the more stable association with the chiral selector will be the more strongly retained species of the mixture. On the other hand, a chiral mobile phase reduces the retention of the solute enantiomer that forms a stronger association with the chiral selector. The major problem with chromatographic separation techniques is that the optimal separation condition is compound specific, 29 which results in time-consuming and costly method development steps for each compound. For example, over 1000 chiral stationary phases are commercially available for HPLC, yet there is no clear method to determine which phase will provide the best separation.
In an effort to eliminate the slow and tedious steps of enantiomer separation by chromatography, mass spectrometric methods have been developed for chiral discrimination. The validity of the "three-point interaction" model in gas phase has been examined by many research groups. [30] [31] [32] The "guest" exchange reaction between a chiral selector-chiral analyte complex and a volatile chiral compound or a chiral gas using Fourier transform ion cyclotron resonance mass spectrometry, Fourier transform mass spectrometry, quadrupole ion trap mass spectrometry has been investigated. The chiral/achiral gas was infused in the ion cyclotron resonance/ion trap cell at low pressures and the binding energy of the trimeric complex of chiral selector-chiral complex-chiral/achiral gas was measured. Ahn et al. studied the guest exchange reaction between a cyclodextrinamino acid complex and a gaseous alkylamine and concluded that the three-point interaction model is indeed valid in the gas phase. It was also suggested that enantioselectivity is optimal when two points of attraction and one point of repulsion are present in the gas-phase complex. 33 At present, several mass spectrometric methods have been developed for enantiomer discrimination including host-guest adduct formation, [34] [35] [36] ion-molecule reactions, 37, 38 collision-induced dissociation of diastereomeric adducts, 39, 40 gas-phase kinetics, 41, 42 and solution-phase kinetic resolution. 43, 44 However, these approaches often require ion-molecule reactions to occur between the chiral selector and the ion of interest along with complex data analysis of fragmentation patterns. Unfortunately, mass spectrometric approaches for chiral discrimination are not yet routine, and for most applications, research and development is still in its infancy.
Since the1980s, our group has been investigating the effects of alternative drift gases on the separation of gas-phase ions by ion mobility spectrometry. 45 To explore the possibility of obtaining structure information from IMS measurements, Jarrold and Bowers studied the effect of long-range potentials on ion mobility measurements in a pure "buffer gas". 46, 47 More recently, we have demonstrated that relative mobilities change as a function of drift gas and that unique separations can be achieved by varying the drift gas. 48, 49 While these investigations demonstrated that using different drift gases can change ion mobilities of analyte ions, there have been no studies to investigate long-range potential effects on the mobilities of chiral compounds.
The concept of chiral ion mobility spectrometry (CIMS) is as follows. As depicted schematically in Figure 1 , CIMS utilizes stereospecific long-range interaction forces between chiral analyte ions (1 and 2) and a neutral chiral molecule (3) (chiral modifier) to achieve resolution of enantiomeric ions in the gas phase. By exposing ions to a "chiral modifier", selective ion-molecule interactions through which the identity of the analytes is not lost and a true chiral separation of enantiomers may be achieved. This approach differs significantly from MS chiral differentiation techniques that rely on the formation of clusters and subsequent fragmentation of these clusters.
In preliminary experiments, using atmospheric pressure ion mobility time-of-flight mass spectrometry, we demonstrated weak gas-phase interactions, which might lead to enantiomeric separations. 50 Environmental factors, specifically, temperature and drift gas composition, were varied. The reduced mobility values (K o ) of two enantiomers, L-and D-amphetamine, obtained at varying chiral modifier concentrations ((R)-and (S)-2-butanol), indicated the occurrence of a preferential shift in mobility between the two enantiomers. In this paper, we demonstrate the first gas-phase separation and resolution of enantiomers by ion mobility spectrometry.
EXPERIMENTAL SECTION
Chemicals. Ion Mobility Mass Spectrometer (IMMS). Experiments were carried out in an atmospheric pressure ion mobility spectrometer interfaced with a 40-µm pinhole to a quadrupole mass spectrometer. A photograph and a schematic drawing of the instrument are shown in Figure 2 . This IMMS was constructed at Washington State University (Pullman, WA) and operated in the positive ion mode. Earlier publications from our research group document the detailed description and schematics of this IMMS. 51,52 A brief overview of the instrument is provided below. Photograph and schematic diagram of the electrospray ionization-atmospheric pressure ion mobility mass spectrometer. The IMS cell was divided into a desolvation region (7.5 cm) and a drift region (25 cm) by a Bradbury-Nielsen ion gate, which was used to pulse ion packets into the drift region with a pulse width of 0.1 ms. The Q-MS was operated in single ion monitoring mode to monitor the arrival time distributions of mass-selected ions.
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The IMS was divided into two regions, the desolvation region (7.5 cm in length) and the drift region (25.05 cm in length), which were separated by a Bradbury-Nielsen-style ion gate. Ions were pulsed into the drift region with a width of 0.1 ms. Both regions consisted of alternating alumina spacers and stainless steel rings with high-temperature resistors connecting the stainless steel rings (500-kΩ resistors for the desolvation region, 1-MΩ resistors for the drift region). The temperature of the drift region, the desolvation region, and the drift gas was maintained at 200°C, the ion gate was held at a voltage of 10.8 kV (electric field (E) ) 432 V/cm, number density (N) ) 1.43 × 10 19 , E/N ) 3.02 Townsend), and the instrument was operated at atmospheric pressure (694-705 Torr in Pullman, WA). A preheated counterflowing nitrogen drift gas at a flow rate of ∼1 L/min was introduced at the end of the drift region.
The IMS was interfaced to a model 150-QC ABB Extrel (Pittsburgh, PA) quadrupole MS (m/z range of 0-4000 amu) via a 40-µm pinhole interface. The output signal from the multiplier was amplified by a Keithley model 427 amplifier (Keithley Instruments, Cleveland, OH). The amplified signal was then sent to either the MS data acquisition system or IMS acquisition system. Merlin software (ABB Extrel, Pittsburgh, PA) was utilized for all mass spectral analyses and mass spectrometer control. For the IMS gating and data acquisition, the electronic controls were built at Washington State University. The data acquisition and IMS gate control software employed was Labview-based (National Instruments, Austin, TX) and was developed at Washington State University. Ion mobility spectra were obtained in two ways: total ion monitoring or mass-selective ion monitoring (SIM). In the first case, the IMS was continually gated and the MS was operated in the rf-only mode with the dc voltage turned off. In the SIM mode, the quadrupole was operated with the dc voltage on to allow ions with a specific m/z to pass through the MS.
Introduction of Chiral Samples and Drift Gas Modifier. For the reported results, electrospray ionization (ESI) was used as the ionization source with an ESI solution of 47.5% methanol + 47.5% water + 5% acetic acid. Standard solutions of the individual enantiomers and the racemic mixtures were prepared in an ESI solution. The mixing ratio of the sample to the ESI solution was 100 parts per million (ppm). The ESI solvent with or without the analytes was pumped by a KD Scientific (New Hope, PA) 210 syringe pump at a flow rate of 3 µL/min into a 20-cm-long, 50-µm-inner diameter silica capillary. This capillary was then connected to a 15-cm-long, 50-µm-inner diameter silica capillary through a stainless steel junction. The other end of the 15-cm capillary was centered ∼5 mm from the target screen of the IMS. The target screen was made of a 2-mm stainless steel mesh with a hole in the center of the 0.5-cm radius. A positive high voltage of 15.00 kV was applied at the steel junction to generate positively charged ions in the electrospray.
Heated nitrogen was used as drift gas and (S)-(+)-2-butanol (FW 74.12, bp 99-100°C) or (R)-(-)-2-butanol (FW 74.12, bp 97-100°C) was used as the chiral drift gas modifier. The chiral modifiers were infused by a KD Scientific 210 syringe pump through a 30-cm-long, 50-µm-inner diameter silica capillary into the nitrogen drift gas line using a T-junction, 5 cm before the drift gas inlet into the IMS as schematically shown in Figure 2 .
RESULTS AND DISCUSSION
Ion mobility spectra of individual enantiomers and their racemic mixtures were acquired by collecting the IMS spectra while operating the mass spectrometer in the single ion monitoring mode. In this mode of operation, ions of only one m/z (massto-charge ratio) value were allowed to traverse the mass analyzer. Enantiomer separation by IMS was achieved when two IMS peaks were observed for one m/z value and the drift times of the peaks corresponded to the drift times of the individual enantiomers. Figure 3 shows the superimposed IMS spectra of racemic mixtures of valinol, threonine, penicillamine, tryptophan, methyl R-D-glucopyranoside, and atenolol with nitrogen as the drift gas. With only nitrogen as the drift gas (no chiral modifier added), separation of the enantiomers was not observed since the drift times of the individual enantiomers and the racemic mixture for each analyte were identical within a maximum standard deviation of 0.05 ms.
To determine the amount of chiral modifier needed in the drift gas to achieve chiral separation, arrival times (drift times) of the enantiomers of methionine in a racemic mixture were monitored as a function of the chiral modifier mixing ratio in the inert drift gas. Chiral modifiers ((S)-(+)-2-butanol and (R)-(-)-2-butanol) were doped into the drift gas stream one at a time. In pure nitrogen, the drift times of the methionine enatiomers were identical at 21.52 ( 0.04 ms. (S)-(+)-2-Butanol or (R)-(-)-2-butanol was introduced into the nitrogen drift gas line at increments of 1 µL/h. A 1 µL/h injection of liquid butanol into the nitrogen drift gas was equivalent to a 0.22 ppm volume-to-volume mixing ratio in the nitrogen drift gas, assuming complete volatilization and mixing with the nitrogen drift gas. The variation of drift time of the methionine enantiomers with the modifier introduction rate of (S)-(+)-2-butanol or (R)-(-)-2-butanol is shown in Figure 4 . Superimposed ion mobility spectra of racemic mixtures in nitrogen drift gas. The figure shows that racemic mixtures of enantiomers drifted with same mobility in pure nitrogen as drift gas. Mixtures represented in the spectra above are those of valinol, threonine, penicillamine, tryptophan, methyl R-D-glucopyranoside, and atenolol. Each enantiomer was present in the electrospray solution at a mixing ration of 100 ppm. Samples were introduced into IMS from the electrospray at a rate of 3 µL/min. Experiments were repeated three separate times, and the average standard deviation of the drift time measurement was 0.04 ms.
Experiments were repeated three separate times, and the average standard deviation of the drift time measurement was 0.04 ms.
At the chiral modifier introduction rate of 5 µL/h (∼1 ppm), the drift time of the methionine enatiomers shifted to 22.12 ms with (S)-(+)-butanol and to 21.66 ms with (R)-(-)-2-butanol, but no separation in the peaks was observed. A single IMS peak for the racemate was observed up to a chiral modifier introduction rate of 25 µL/h (∼5 ppm). With subsequent increases in the chiral modifier concentration, the enantiomers began to separate. The maximum separation factor between the two enantiomers was 1.01 at a flow rate of 45 µL/h (∼10 ppm) (S)-(+)-2-butanol (separation factor, R-value ) t d2 /t d1 ; t d2 is the drift time of the longer drifting ion and t d1 is the drift time of the shorter drifting ion). At this flow rate, the drift times were 23.83 ( 0.03 ms for D-methionine and 23.59 ( 0.04 ms for L-methionine. With increasing mixing ratio of (S)-(+)-2-butanol in the inert drift gas, the ion velocity of methionine decreased, suggesting increased ion-chiral modifier interactions. However, no significant change in separation factor was observed beyond the introduction rate of 45µL/h (S)-(+)-2-butanol. More detailed parametric experiments, coupled with modeling the interaction potentials and collision frequencies, will be required to understand why the drift time did not continue to shift linearly with increasing dopant concentration.
A smaller shift in drift time was observed with (R)-(-)-2-butanol as the chiral modifier with maximum separation factor of 1.006 between the enantiomers with drift times of 22. 49 Ion mobility separation was also possible for a variety of racemates. CIMS separation of (R)-and (S)-atenolol enantiomers from its racemic mixture is illustrated in Figure 5 . Atenolol is from a class of drugs called -blockers mainly prescribed alone or in combination with other medications to treat high blood pressure, to lower the heart rate, to prevent angina, and to reduce the risk of recurrent heart attacks. Drift times of (S)-and (R)-atenolol were measured to be 24.61 ( 0.04 and 25.04 ( 0.05 ms, respectively, when analyzed individually. Enantiomers (S)-and (R)-atenolol had drift times of 24.66 ( 0.04 and 25.06 ( 0.05 ms, respectively, when a racemic mixture of atenolol was separated by CIMS.
Separation of enantiomers of tryptophan by CIMS is demonstrated in Figure 6 . The upper spectra in Figure 6 The order of elution of methionine enantiomers was reversed for the two modifiers. Optimal flow rate of the chiral modifier was ∼45 µL/h, which corresponded to ∼10 ppm chiral modifier in the nitrogen drift gas. Each experiment was repeated three times, and the standard deviation of the arrival times varied by ∼2%. These error bars are too small to be seen in the figure. Other examples of enantiomer separation, including threonine, valinol, and penicillamine, by chiral IMS are reported in Table 1 . CIMS separations of enantiomers of atenolol, serine, methionine, threonine, methyl R-glucopyranoside, glucose, penicillamine, valinol, phenylalanine, and tryptophan from their respective racemic mixtures are summarized in the table. The mass-to-charge ratio of the ion monitored for mobility measurements is listed in column 1. Chirality of each enantiomer is shown in parentheses in columns 3 and 4. The drift time of each enantiomer in pure nitrogen is listed in column 3 and in nitrogen + 10 ppm (S)-(+)-2-butanol in column 4. Reduced mobilities determined for each enantiomer are reported in columns 5 and 6 in the units of centimeter squared per volt‚second. Standard deviations in drift time were calculated from three measurements. When nitrogen was used as the drift gas, drift times (and thus reduced mobilities) of the enantiomers were not statistically different and had the same reduced mobility values. However, when the drift gas was doped with the chiral a Column 1 reports the mass of the ions tested; column 2 identifies the test compounds; column 3 shows their drift times in nitrogen; column 4 shows their drift times in nitrogen plus 10 ppm (S)-(+)-2-butanol; columns 5 and 6 give their reduced mobility values, respectively. These data demonstrate that drift times of all ions are retarded in the chiral drift gas compared to those in nitrogen but that one enantiomer is always retarded more than the other. Standard deviations in drift times were measured from three separate ion mobility measurements. modifier, drift times and reduced mobility values of each enantiomer were statistically different. All enantiomeric pairs investigated in these experiments separated in the gas phase. Although the experiments and results reported here are preliminary in nature and the mechanism of separation has not been modeled, the phenomenon appears to be universal and applicable for the rapid separation of a wide variety of enantiomeric pairs.
All of the enantiomers used in this study were relatively small molecules with single chiral sites. The effect that chiral modifiers in the drift gas will have on the separation of diastereomers and larger molecular weight compounds is not clear. Peptides and proteins for example have many chiral centers, but due to their molecular structure, steric hindrance can limit the ability of a chiral modifier to satisfy the "Pirkle rule". It has already been demonstrated that a peptide incorporating an L-amino acid can be separated from one with all D-amino acids, but this was due to a kink in the structure at the L-amino acid site causing a size difference in the peptide and was not due to a true chiral separation. 53 Maximum displacement in the drift time was observed for methionine (∼5.2 ms) with (S)-(+)-2-butanol as the chiral modifier as compared to its drift time in nitrogen only. This suggested that methionine had the highest interaction with the chiral modifier as compared to the other enantiomer pairs. Minimum displacement was observed for atenolol, which was ∼0.6 ms. Even though methionine experienced maximum interaction in the chiral modified drift gas, the difference in the drift times of the enantiomers was the least among the enantiomers investigated. Maximum difference in the drift times between the enantiomeric pair was observed between D-and L-methyl R-glucopyranoside and D-and L-serine. The IMS peak width of the methyl R-glucopyranoside enantiomers was highest among the samples analyzed. On average, a 2% deviation in drift times between the enantiomers was observed with the chiral modifier added into the drift gas. Drift times of all enantiomeric pairs were statistically same in a drift gas without a chiral modifier.
Because IMS is primarily a method that separates ions based on their collision cross sections, this 2% deviation in drift time as a function of chirality is of considerable theoretical interest. One would think that the size of an ion (its collision cross section) would not be modified merely as a function of its chirality. Thus, this study is perhaps the first time that ions of the same size have been separated by IMS, demonstrating that when long-range interaction potentials can be selectively applied, mobilities are not directly related to the size of the ion. Although the quantitative determination of collision cross sections is one of the strengths of IMS, long-range interaction potentials complicate those measurements. Nevertheless, for analytical purposes, it appears that prudent application of long-range interaction potentials can effect unique gas-phase ion separations not previously possible.
CONCLUSIONS
Gas-phase separation and resolution of enantiomers is possible when the drift gas of an ion mobility spectrometer is modified with a chiral vapor. Selective interactions occur between the enantiomers and the chiral modifier such that the individual enantiomers have different gas-phase ion mobilities through the spectrometer and can be separated in time. In all cases, the addition of the chiral modifier to the drift gas reduced the mobility of both enantiomers, but the mobility of one enantiomer was always reduced more than that of the other, enabling enantiomer separation.
The data from these experiments are quite encouraging for the development of a novel and rapid analytical method for the measurement of chirality. With a relative limited set of experiments, unoptimized experimental parameters, and a single chiral drift gas modifier, separations of multiple pairs of enantiomers from four different classes of compounds were achieved. Further investigations to elucidate the separation mechanism and optimize operating conditions should result in an analytical technique by which rapid determination of the chirality of molecules may be achieved for a wide range of industrial, environmental, and biomedical applications.
